The regulation of LDL cholesterol uptake through LDLR-mediated endocytosis is an important area of study in various major pathologies including metabolic disorder, cardiovascular disease, and kidney disease. Currently, there is no available method to assess LDL uptake while simultaneously monitoring for health of the cells. The current study presents a protocol, using a live cell imaging analysis system, to acquire serial measurements of LDL influx with concurrent monitoring for cell health. This novel technique is tested in three human cell lines (hepatic, renal tubular epithelial, and coronary artery endothelial cells) over a four-hour time course. Moreover, the sensitivity of this technique is validated with well-known LDL uptake inhibitors, Dynasore and recombinant PCSK9 protein, as well as by an LDL uptake promoter, Simvastatin. Taken together, this method provides a medium-to-high throughput platform for simultaneously screening pharmacological activity as well as monitoring of cell morphology, hence cytotoxicity of compounds regulating LDL influx. The analysis can be used with different imaging systems and analytical software.
Introduction
The Low Density Lipoprotein Receptor (LDLR)-mediated LDL endocytosis is an important area of study since circulating LDL cholesterol levels are at the core of cardiovascular disease 1 , kidney disease 2 as well as a variety of inflammatory diseases 3 and genetic disorders with mutations in cholesterol transport genes 4, 5, 6, 7 . Studies in LDLR-mediated cholesterol influx have led to identification of multiple research tools, such as Dynamin inhibitors including the chemical Dynasore 8, 9, 10 , as well as LDL-regulating proteins such as Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) 11, 12 .
The LDL-LDLR endocytosis pathway begins with sequestering the LDL-LDLR complex on the cell surface into clathrin-coated pits 13 . Vesicles are then formed by invagination of the cell surface membrane internalizing the LDL-LDLR complex in vacuoles for transport inside the cell. As the formed vesicle matures into early and then late endosomes, the pH drops inside the late endosome, causing disassociation of the LDL from its receptor 14 . In the past, the methods of quantification of LDL influx depended on radio-labeled 125 I-LDL co-incubation with cells and subsequent extraction of the radio-labelled protein from cells for quantification 15 . This was then replaced by the use of fluorescently labelled LDL proteins such as DiI-LDL, and subsequent immunostaining or extraction of protein for fluorescent readings using a spectrophotometer or plate reader 15, 16 . Fluorescently labelled LDL has also been used in Fluorescence-activated cell sorting (FACS) for analysis of internalization of LDL and cell surface LDL binding 17 . While these methods allow for collection of data after treatment, monitoring the viability of the cells during treatment is not possible.
The acidic pH in the late endosome allows the use of a pH-activated fluorescent LDL probe such as pHrodo Red LDL that fluoresces after internalization /image). This parameter indicates the sum of the red signal intensity (in RCU) times the area of the red signal (in µm 2 ) in all the images across each well, which corresponds to the total LDL uptake by the cells. 4. Click the Data Export button. Check Break data down into individual images. The data is automatically copied on a clipboard and can be pasted to a new spreadsheet file. 5. In the Phase Object metric menu, choose the Confluence (Percent). Check Break data down into individual images. Click the Data Export button. The data is automatically copied on a clipboard and can be copied to the spreadsheet file containing Total Red Object Integrated Intensity data. 2. Then, average the LDL Uptake (RCU) data of all images of each well to obtain the average LDL uptake in each well and then average the LDL uptake values of all the replicate wells to obtain group means. These data are the final LDL uptake values and may be used for illustration and statistical analysis using the software of choice.
Representative Results

Live Cell Imaging Allows for Reliable Monitoring of Cell Health During Cholesterol Influx Studies in Three Human Cell Lines
We validated our assay in three human cell lines in which cholesterol homeostasis regulation plays a major pathophysiological role, including human hepatic carcinoma (HepG2) cells, human renal epithelial (HK2) cells, and human coronary artery endothelial cells (HCAECs). We used a live cell imaging system to perform the LDL uptake assay in a 4 h time course with serial measurements at 1 h intervals. Our results indicate that all the cell types tested were compatible with this new technique and result in curves indicating continuous LDL uptake for the duration of the influx study with 4.33 h as the final endpoint ( Figure 2) . The influx data shown in Figure 2 were obtained by normalizing the total pHrodo Redlabeled LDL fluorescence (total red object integrated intensity per image in RCU x µm2/image) to the total cell area in each image of each well (phase object area per image in µm 2 /image) to eliminate the variability in the cell density across the wells. Furthermore, to validate the sensitivity of the LDL influx assay for the purpose of screening compounds affecting LDL cholesterol uptake, we used two positive controls known to inhibit LDL influx, Dynasore and rPCSK9, and one positive control known to induce LDL uptake, Simvastatin. As validated by our results, following treatment with Dynasore and rPCSK9, all three tested human cell lines (HepG2, HK2 and HCAEC) showed significant reductions in LDL influx over a 4 h time course (Figure 2A-C) . For example, Figure 2A shows that the LDL influx is reduced in HepG2 cells with treatment of Dynasore over the time course, compared to the cells treated with DMSO; while the DMSO as the vehicle control for Dynasore control had no significant effect on LDL influx compared to the untreated control group. Furthermore, our findings showed a marked increase in LDL uptake by HepG2 cells following treatment with Simvastatin (Figure 3) , supporting the sensitivity of this method to detect significant alterations in the LDL influx. At about the 4.5 h time point, which is a typical time point in LDL uptake studies, the LDL influx is significantly reduced with either Dynasore or rPCSK9 treatment, and increased by Simvastatin treatment (Figure 4 A major advantage to using live cell imaging for LDL uptake studies is that this system provides real time images of the cells in each well that could be used to monitor potential cytotoxicity of the examined compounds. Figures 5-7 illustrate representative images of the three cell lines investigated at the initial time point (0.33 h) and final endpoint (4.33 h) as a visual reference for the net LDL influx. The images confirm the normal morphology of the cells following Dynasore or rPCSK9 treatments, indicating both effectiveness and safety of these compounds.
Live Cell Analysis Gives Reliable Serial Quantitative Cholesterol Influx Measurements with Various Treatments
A major advantage of using this protocol with a live cell imaging system is the ability to collect data throughout the time course and compare LDL influx at multiple time points rather than just one final time point as traditionally done.Using this protocol, we are able to calculate the percent reductionin LDL influx at the terminal time point as well as at 1 h intervals throughout the time course. Table 2 summarizes the reduction in LDL influx in three tested human cell lines following 10 min pre-treatment with 40 µM Dynasore or 1 h pre-treatment with 10 µg/mL rPCSK9. At 4.33 h as the final study end point, treatment with Dynasore at 40 µM significantly reduced LDL influx in HepG2 cells, HK2 cells and HCAECs by 53%, 68% and 54%, respectively (Table 2A-C) and treatment with rPCSK9 at 10 µg/mL resulted in 55% reduction in LDL influx in HK2 cells (Table  2B ). In addition to quantifying the terminal time point as in traditional assays, we are able to perform a quantitative analysis in the reduction of LDL influx due to treatment at each time point of the experiment. For example, Table 2B shows that treatment with rPCSK9 in HK2 cells resulted in a reduction of LDL uptake by 79% at 1.33 h, 67% at 2.33 h, 59% at 3.33 h post treatment compared to untreated cells. This protocol provides a reliable method for quantitative analysis of LDL influx after treatment. 
Discussion
In the current protocol, we demonstrate the utilization of live cell imaging as a new and more effective method for measuring real time LDL uptake over a time course in various human cell lines. Human hepatic carcinoma (HepG2) cells are commonly used in studies screening for cholesterol-lowering therapeutics 21, 22, 23, 24, 25, 26, 39, 40 . Therefore, we chose this cell type for testing the capability of a live cell imaging system for LDL influx studies. Our results indicate that HepG2 cells are compatible with this new technique and result in a sigmoid-like curve indicating continuous LDL uptake for the duration of the influx assay until 4.33 h as the final endpoint (Figure 2A and Figure 3) .
Cholesterol homeostasis plays a major role in the pathophysiology of various nephropathies. Indeed, cholesterol accumulation in renal tissue is a major contributor to renal fibrosis leading to chronic kidney disease and is a major pathology in various nephropathies 28, 29, 30, 31 . Hence, we examined our method in human renal epithelial (HK2) cells as a popular and reliable cell line utilized in the field of nephrology. Our data also supported the feasibility of the live cell imaging system to measure LDL influx in HK2 cells. As shown in Figure 2B , HK2 cells took up LDL cholesterol linearly throughout the duration of the influx study (4 hours).
Due to the importance of the cholesterol metabolism in the development and progression of atherosclerosis 32, 33, 41 , the leading cause of cardiovascular disease, which in turn is the number-one killer worldwide 42 , we aimed to validate our method in an atherosclerosis-relevant cell type. We used Human Coronary Arterial Endothelial Cells (HCAECs), as these are one of the first cell types to be exposed to a cholesterol insult in the coronary artery lumen of an atherosclerosis patient. Our data shown in Figure 2C indicates that this LDL influx method also works effectively with HCAECs. The resultant graph is a sigmoid-like curve similar to that of HepG2 cells.
To test the validity and sensitivity of this improved LDL influx assay for screening compounds affecting LDL-cholesterol uptake, we used three controls, LDL uptake-lowering agents Dynasore and rPCSK9, and LDL influx activator Simvastatin. Here, we treated the above mentioned cell lines (HepG2, HK2 and HCAECs) with optimized concentrations of Dynasore or rPCSK9 prior to the influx assay. Our results showed that all three tested cell lines responded to the treatments with significant reductions in LDL influx over a 4-hour time course (Figure 2 ). For instance, at 4.33 h as the final time point, treatment with Dynasore at 40 µM significantly reduced LDL influx in HepG2 cells, HK2 cells and HCAECs by 53%, 68% and 54%, respectively (p<0.0001; Figure 2A -C and Table 2A-C). In addition, rPCSK9 at 10 µg/mL caused a marked 55% reduction in LDL influx in HK2 cells (p<0.0001; Figure 2B and Table 2B ). Moreover, our findings showed that treating HepG2 cells with Simvastatin resulted in a marked increase in LDL uptake (Figure 3) , supporting the sensitivity of this method to detect significant alterations in the LDL influx. Studies of treatment with rPCSK9 in HepG2 and HCAEC cells are not included in this protocol as rPCSK9 is used as an additional control treatment with well-documented results, but is costly to buy in small quantities. Therefore rPCSK9 was only used to validate this protocol in HK2 cells.
Live cell imaging analysis, along with the functional and timely measurement of LDL influx, allowed for continuous monitoring of the health and morphology of the cells. This advantage can efficiently detect potential cytotoxicity of the applied compounds, making this method an ideal technique for simultaneously monitoring pharmacological activity and cytotoxicity. Figures 5-7 illustrate representative images of the three tested cell lines at the final endpoint (4.33 h) as a visual reference for the effect of the treatments on net LDL influx and also shows the healthy morphology of the cells following the tested treatments. We recommend visual inspection of all the images from each well to assure the heathy morphology of the cells for the duration of the study. For example, in data not shown, when images of HepG2 cells treated with 80 μM Dynasore were inspected, we observed indications of cell detachment as the edges of the cells appeared to be lifting off the plate, suggesting
